quire the charge q = p-e0-f^ 1,[6][7][8][9][10][11][12] where: p -1015 Atoms/cm2, the population of atoms on one square centimeter of surface, e0= 1,6 • 10-19 Asec/atom, the elementary charge and /^1 0 -8 cm2 the surface area. A common offset current of 10~u A could thus produce AgCl at a rate of 300 layers/minute.
quire the charge q = p-e0-f^ 1, [6] [7] [8] [9] [10] [11] [12] where: p -1015 Atoms/cm2, the population of atoms on one square centimeter of surface, e0= 1,6 • 10-19 Asec/atom, the elementary charge and /^1 0 -8 cm2 the surface area. A common offset current of 10~u A could thus produce AgCl at a rate of 300 layers/minute.
Other metals, such as tantalum or tungsten, have also been used to make microelectrodes 24, 1. The hardness of these metals permits making very fine tips which have a relatively large surface area. (The surface ratio of a fine cone to a half sphere is l/d with I = length of cone and d -diameter of half sphere = diameter 24 H. A. B a l d w i n , S. F r a n k , and J. Y. L e t t v i n , Science [Washington] 148, 3676, 1965 , 1462 of cone base.) The layer of oxide on these metals causes unfavourable surface properties. Cdl is smaller than for bare metal surfaces 13 and /?dl is considerably larger than the observed value of Ag/AgCl13,10. The mentioned gain in surface area could therefore be negligibly small for ordinary W or Ta electrodes. Spe cial plating techniques are needed to reduce 7?dl and increase Cdl 5.
We are indebted to: Prof. Dr. H. S t i e v e for his continuous support of this investigation, Mr. G. v . S e n g b u s c h for the derivation of eq. (11), Mr. H. S z a m e i t for his help with electronics and Deutsche For schungsgemeinschaft for providing some of the appara tus.
Some H eterocyclic Nitrogenous Compounds as Radioprotectants for Hematological Levels in X-Irradiated Mice
H. M. R o u s h d y 1, T. P i e r o t t i , and M. In normal controls, the levels of hemoglobin concentration and hematocrit values remained almost unchanged throughout the experimentation period.
Intraperitoneal administration of imidazole and benzimidazole affected rapid pharmacodynamic incidences which were not detected with cysteamine. Administration of imidazole did not induce detectable change in the level of hemoglobin concentration but slightly decreased the hematocrit value. Benzimidazole created slight depression in hemoglobin concentration and exerted no effect on hematocrit value. Cysteamine caused slight depression of both hemoglobin concentration and hematocrit value. Those changes were readily restorable with imidazole and benzimidazole while those with cysteamine lasted for more than three days.
Irradiation caused progressive decrease in hemoglobin concentration and hematocrit values which continued till the death of the animals. A significant increase in the sedimentation rate of red blood cells was recorded.
Irradiation of chemically protected animals caused initial decrease in hemoglobin concentration and hematocrit values which lasted till the fifths post-exposure day. Later, gradual restoration of normal levels of hematological values was recorded. Restoration was more rapid with benzimidazole than with imidazole, while cysteamine lied half way in its action. The increase in sedimentation rate of red blood cells was less pronounced and gradual restoration of the normal sedimentation rate was maintained during the post-irradiation time.
It seems likely that the radioprotectants act on cellular and subcellular levels in the protected tissues but the actual role played by such compounds still awaits further investigation.
Imidazole and benzimidazole proved to be effective radioprotectants of the hematopoietic tissue. Benzimidazole proved to exert the best radioprotective characters amongst the tested compounds in this concern.
Since 1949, when the chemical protection against ionizing radiation has been recorded for the first time, excessive studies have been carried out on enormous numbers of chemical compounds that have been suspected to exhibit radioprotective pro perties ( B a c q la, T iu n o v et al. 2, e tc .). In order to give a comprehensive explanation for the phenomenon of chemical radioprotection, re peated investigations have been made to study the chemical structural formation of different radio protectants and its correlation with their radiopro tective properties ( B a c q la ) . Moreover, extended studies have been made to understand the mode of action of some of these compounds on living o r ganisms. Apart of the thiols and other sulfur-con taining compounds which have been thoroughly studied in this concern, some heterocyclic nitro genous compounds, especially imidazole and benzimidazole, have been found to exert remarkable radioprotective properties. However, the actual biological difficulty in the utilization of chemical radioprotectants in general, lies in that they appear to be effective only at close to toxic levels. M oreover, almost none of these agents have been shown to be of benefit when given after radiation exposure. These biological difficul ties, among others, point to the importance of stu dying the actual pharm acological effects of such compounds.
In the present studies, an attempt has been made to understand the mode of action of imidazole and benzimidazole as radioprotectants on a particularly radiosensitive param eter; the blood and hemato poietic tissue, and to correlate their pharm acologi cal responses with their protective properties against lethal effcets of radiation. F o r the sake of com parison, the effect of one of the most studied radio protectant thiols; the cysteamine (B-m ercaptoethylam in e), has been taken into consideration ( B a c q et a l .5) .
Many authors dealt thoroughly with the radiation effects on the blood and hematopoietic system from different angles using varying methods among which the most useful radioisotopes have been used as tracers ( B l A l e x a n d e r ,
Radiobiology
Symposium, Butterw orths Scient. Pu bl., 1954.
12 A . L . C a r s t e n and T. R. N o o n a n , Radiat. Res. 22, 136
[1964], 13 0 . D E Vos et al., Acta physiol, pharmacol. neerl. 4, 482 [1956] .
14 E. L o r e n t z et al.. G. nat. Cancer. Inst.. 12. 197 [1951] . 15 H. M . P a t t , Blood 5, 758 [1950] .
on the organism is principally in raising its resistance for radiation effects. F o r other authors, however, protection is made also on the level of hematopoietic tissue and organs ( L e b k o v a and
S h e v c h e n k o 16, G e r e b t z o f f and B a c q 17, M a is in and D o h e r t y 18, e tc .). Still in the view of others, the radioprotectant, through the transformation of hemoglobin into the non-functioning methemoglobin or carboxyhemoglobin, creates a condition of hypoxia which favourizes the radioprotection of the organism ( B a c q la ) .
In the presented work, in order to follow the evo lution of hematopoietic tissue after radiation ex posure, with and without the utilization of radio protectants, the number of varying parameters have been limited to the evolution of hemoglobin level as well as to the changes in hematocrit values. The former param eter constitutes a practical way to verify the well functioning of hematopoietic organs while the latter give complementary informations on the same subject. On the same parameters, the pharmacological responses of the utilized radio protectants have been also studied.
M aterials and Methods
This work has been conducted on male mice of the race C3H/Jax, two to three months old, weighing 35 to 40 grams and kept in rooms thermostatically controlled at 21 C. The experimental animals were divided into four groups as follows: Group 1 as normal controls, Group If as treated animals to which the drug was administered intraperitoneally. The dose given was 0.35 mg per gram body weight for imidazole and benzimidazole ( R i n a l d i et B e r n a r d 3 , 4 ) and 0.15 mg per gram body weight for cysteamine ( B e n a b i d et R i n a l d i 19) , Group III as irradiated controls who re ceived total-body X-irradiation at a lethal dose of 750 r, and finally Group IV as treated and irradiated animals who received the same radiation dose, five to ten minutes after the drug injection. For such intraperitoneal injection, imidazole was prepared in a solu tion of 15 mg per ml isotonic sterilized sodium chloride solution, benzimidazole in a solution of 7.5 mg per ml 1 -2 propandiol solution 10% ( R i n a l d i et B e r n a r d 3 -4 ), while cysteamine in a solution of 7.5 mg per ml isotonic sterilized sodium chloride solution. The source of radiation utilized was X-ray Unit of the radiotherapy type: Massiot Philips Isodyne, mani pulated under dosimetric control at 180 kV and 18 mA using 0.5 mm Cu filter. The animals were placed 50 cm from the anode, the dose rate being 80 r per minute. During each X-ray exposure, the dose was measured with an integrating dosimeter, type: Massiot Philips fitted with an ionization chamber of 2 r.
During irradiation, the animals were kept in round boxes of plexiglass, 19 cm in diameter and 3.5 cm in height, each divided into eleven compartments and covered by a thin lid of plexiglass 2 mm in thickness. The wall of each compartment was perforated to ensure normal respiration of the animals. The boxes were made to revolve slowly around their axes, once every one minute, to maintain isodose irradiation.
For blood sampling, the animals were lightly an aesthetised by ether and the blood was collected through cardiac puncture in amounts of 0.8 to 1.0 ml from each animal by siliconized and heparinized tuberculine syringes. The blood samples of the four different groups of animal were then subjected to exactly the same treatment and were investigated simultaneously. Duplicate investigations were made for each sample.
Each fresh blood sample was investigated for the percentage concentration of hemoglobin and for hema tocrit value. The principle of the evaluation of hemo globin concentration lies in the transformation of hemo globin into cyanhemoglobin (V a n K a m p e n and Z i j l s t r a 20) . The percentage concentration of hemo globin in the blood was obtained photometrically using commercial hemoglobin standard (Technique Biologique). 20 cubic mm of fresh heparinized blood were ad ded to 5 ml of D r a b k i n solution. The solution was then shaken for some seconds using a mechanical shaker Vortex to obtain a fairly homogeneous solution. This was then left for about 15 minutes to ensure the stability of the complex compound formed betwreen the cyanide and hemoglobin ( V a n K a m p e n and Z i j l s t r a 21) . The optical density of the solution was then read at 540 m// on spectrophotometer Safas, model Spectralux 1800. D r a b k i n solution was used as blank. Experimental D r a b k i n solution was freshly prepared every three days and was always kept in refregirator. Standard curves which were repeatedly made every three days for the standard hemoglobin concentrations of 5, 10 and 15 grams per 100 ml gave always linear results. All estimations w rere carried out by a single person using highly pure chemicals. Sei. 263. 683 [1966] , 20 E. J. V a n K a m p e n and T V G. Z i j l s t r a . Clin. chem. Acta 6, 538 [1961] . 21 E. J. V a n K a m p e n and W. G. The changes in hemoglobin concentration and hematocrit values were daily followed for a period of 25 days. Each of the given data represents the average of different estimations carried out on four animals. Being a lethal irradiation dose, almost all the irradiated non-protected animals died 8 to 10 days after radiation exposure. Needless to say that this made it impossible to follow up the changes in hematological levels in such a group of animals till the end of the experimentation period of 25 days.
Results

a) In normal control animals
The average value for hemoglobin concentration was found to be around 12.75 gram per 100 ml blood, while the hematocrit value being around 47 percent. These results seem to be in accordance with the respective data already given for mice by previous authors (G r e e n 22) . In the course of our studies, it could be noticed that the levels of hemoglobulin concentration and hematocrit values re mained nearly unchanged throughout the experi mentation period (Figs. 4 and 9 ) . The minor fluc tuations in such levels seem to fall within the expected statistical variations of the recorded nor mal data.
b) In treated animals
Intraperitoneal administration of imidazole and benzimidazole created certain rapid pharmacodyn amic incidences. Some few minutes after injection of imidazole, remarkable excitation of the animal was noticed which lasted for a period of more than one hour. Injection of benzimidazole, on the other hand, caused in few minutes, drastic suppression of the animal activity. The animal lied for a period of one to two hours without motion as if deeply anaesthetised, the only indication of life was given by respiration. Later, the animal restored its nor mal activity. Injection of cysteamine did not bring about comparable pharmacodynamic disturbances.
Administration of imidazole did not induce any sudden change in the level of hemoglobin concen tration. A slight depression could be detected after benzimidazole and cysteamine injection (Fig. 5 ) .
For hematocrit values, a slight decrease was re corded after administration of imidazole (Fig. 6 ) and cysteamine (Fig. 8 ) . No comparable decrease was detected after benzimidazole injection (Fig. 10) . It was noticeable, however, that after imidazole and benzimidazole administration, the depression in hemoglobin concentration and hematocrit value was rapidly restorable, the fluctuations after then re corded, remained within the statistical variations of normal control levels. The slight decrease in hemo globin concentration recorded with cysteamine lasted for more than three days after treatment (Figs. 3  and 5 ). Later, complete recovery was attained. However, no change in the sedimentation rate of red blood cells could be detected after administra tion of imidazole, benzimidazole, or cysteamine.
c) In irradiated unprotected animals
Total-body irradiation of mice at a lethal dose of 750 r did not induce sudden changes in the levels of hemoglobin concentration or hematocrit values. Starting from the first post-exposure day, detectable decrease in such levels was recorded (Figs. 1 and  6 ) . This progressively intensified during the post irradiation period that preceeded death of the ani mals. Towards the tenth post-exposure day, the hemoglobin concentration dropped to only about one third of its normal value while the hematocrit level decreased to only about one fourth of its normal value. There seemed to be a slight restoration period that intervened from the third to the fourth post exposure day. During such a period, the levels of hemoglobin concentration and hematocrit value were slightly raised, restoration being more pronounced with hemoglobin concentration. However, this re storation period soon disappeared and progressive decrease in hematological levels proceeded. The rate ob decrease in hemoglobin concentration be came more rapid between the eighth and ninth post exposure day. For the hematocrit, the decrease pro ceeded rather more steadily becoming more rapid after the third post-irradiation day.
Moreover, a significant increase in the sedimenta tion rate of red blood cells was recorded. That in crease got progressively more pronounced during the post irradiation time. From about the seventh post-exposure day, the red cells spontaneously settled down separating from the plasma on stand ing for a short time.
d) In irradiated protected animals
In this group, the changes in the level of hemo globin concentration and hematocrit values firstly paralleled those above described with irradiated un protected group until the fifth post-exposure day. Later, the radioprotectants started to demonstrate their protective influence (Figs. 1, 2 and 3 ) . Starting from the fifth post-exposure day, the level of hemo globin concentration and hematocrit value became always superior to that in the unprotected group. During the post-irradiation period, the differences between such levels in protected and unprotected animals got progressively more pronounced, the maximal difference was recorded on the tenth post exposure day just before death of the unprotected animals (Figs. 6, 7 and 8 ) . After the tenth day, a clear restoration period for the levels of hemoglobin concentration and hematocrit values was noticed in the protected group. With imidazole and benz imidazole, restoration was followed for a period of 25 days after irradiation when the levels approached normal values. Restoration was more rapid with benzimidazole than with imidazole. An attempt has been made to evaluate quantitati vely the rate of restoration of hemoglobin concen tration and hematocrit values at different post irradiation periods of time in connection with the efficiency of the radioprotectant tested (Tables 1  and 2 ) . The hemoglobin percentage concentration and hematocrit values have been calculated as per centages of the normal control levels on different days of the restoration period. It has been found that restoration was more enhanced with benzimida zole (Figs. 4 and 9 ) . The difference being mostly marked on the 16th post-exposure day. With cysteamine, it seems that, under the above described ex perimental conditions, the rate of restoration of hematological levels lied half way between benz imidazole and imidazole.
The increase in the sedimentation rate of the red blood cells was less marked than that above de scribed in irradiated unprotected animals. Restora tion of the normal levels of hematological values was accompanied by slow restoration of the normal sedimentation rate of red blood cells. exposure to total-body gamma irradiation, severe anemia was developed between the third and eighth post-exposure days. That drop in hematological levels seems to be too precipitous to be ascribed only to suppression of erythropoeisis (C a r s t e n 12) .
In accordance with P a t t 30, we have noticed that the sedimentation rate of red blood cells progres sively increased after radiation exposure. That phenomenon was less marked in blood of protected animals. These preliminary results seem to encourage further studies to be carried out in order to explore the actual role played by such radio protectants in altering the sedimentation rate of red blood cells of irradiated animals.
On the other hand, it seems likely that the action of the radioprotectant on the hematopoeitic tissue is principally in rendering the effects of radiation more rapidly restorable. After irradiation, the hematopoeisis seems to be greatly suppressed, also in the protected animals. This can be explained by the parallel drop of hematological levels in both the unprotected and protected mice. In the latter, how ever, the hematopoeitic cells which are apparently protected against destruction, slowly resume their activity and gradually restore the normal levels of their hematological values.
The present tested group of heterocyclic nitro genous compounds are supposed to be distributed all over the animal tissues shortly after administra tion, i. e. at the time when radiation exposure is performed. This is confirmed by the work done by T y o r t y a l i a n 31 who recorded that benzimidazole-14C is homogenously distributed in the tissues a short time after intraperitoneal injection. It seems interesting if such rapid distribution of the drug might be correlated with the experimental finding that the radioprotectants are mostly effective when injected 5 to 10 minutes before radiation exposure.
However, in the field of chemical radioprotection of the hematopoeitic tissue, it can be noticed that the pharmacological responses of many effective radioprotectants, as imidazole and benzimidazole, are not yet well understood in connection with their radioprotective characters. Naturally, it is unexpected that the pharmacological responses described for 30 H. M. P a t t , in: E. L. G r e e n and the Staff of the Jackson Laboratory, Biology of the Laboratory Mouse, 2nd Edi tion, McGraw-Hill, New York 1966. 31 C. T y o r t y a l i a n . Rapport C.E.A. R 2899 Rapport C.E.A. R (1965 one radioprotectant should necessarily imply to another. It has been recorded for example, that imidazole and benzimidazole do not diminish the oxygen consumption by different tissues ( B e r n a b id and R in a l d i 19) . In this respect, the radioprotective role played by such heterocyclic nitrogenous com pounds seem to be rather different from what has been suggested with the thiols, as cysteamine, which affect the radioprotection by diminishing the tension of oxygen in the tissues ( S a l e r n o et a l.32) , as well as by influencing the production of reactive radi cals which are liberated by radiation.
In the course of the presented work, however, the radioprotective role of cysteamine has been lightly dealt with just for comparative purpose. Only some few determinations have been carried out at vary ing longer intervals of time to ascertain if, in gene ral, the protective role of cysteamine follows the same pattern as that shown by the tested hetero cyclic nitrogenous compounds.
However, it seems likely that the effective radio protectants act on cellular and subcellular levels in the protected tissues. This has been described with cysteamine ( G e r e b t z o f f and B a c q 17) espe cially in bone marrow ( M a is in and D o h e r t y 18 also L e b k o v a and S h e v c h e n k o 16) .
It is naturally obvious that we cannot discuss a specific action of the tested radioprotectants on the hematopoeitic tissue since detailed histological and biochemical studies on the pharmacological respon ses of such compounds are not yet available. How ever, the results obtained here confirm a particular role played by such compounds in the radioprotec tion of hematopoeitic tissue. This is explained by the effective restoration of the hematological values after irradiation. Such role still awaits further in vestigation on the cellular and subcellular levels in connection with its radioprotective influence on the hematopoeitic tissue.
We can finally conclude that imidazole and benz imidazole exhibit promising properties as protectants for the hematopoeitic tissue against the effects of ionizing radiation. The explanation of the specific role played by such products still in need of further investigation.
